This study is an attempt of applying new electrolytes to obtain a new generation of oxide coatings. An oxide coating was deposited on Al(Al 99.5) aluminum. The influence of an organic additive and anodizing parameters on the nanomorphology and nanostructure of the obtained coatings is described. The nanostructure and nanomorphology of oxide coatings are determined using a scanning electron microscope (SEM). An attempt is made to apply a new oxide coating for the sliding interaction with TGK 20/5 material. The tests were carried out under the conditions of dry friction. The friction coefficient is found for the investigated sliding couple, as well as the intensity of wear of specimens made of this material. The influence of the nanostructure of oxide coating on the tribological properties of the tested couple is also determined.
One of the main problems in the continuously developed fields of engineering and technology is the manufacturing of high-quality products with production costs that are as low as possible. Therefore, an important factor determining the method of production of the parts of machines and devices is the manufacturing cost. The above-mentioned minimization is not, however, reduced to the technological or organizational concentration of operations but, instead, reduces to the design of a part that can be manufactured with the lowest possible number of operations or treatments with simultaneously creation of a surface coating with the required properties. The contemporary engineering and technology must satisfy at least the following requirements: minimization of the production costs, while maintaining the appropriate quality of the products; development of new engineering materials with consciously shaped properties, and development of new engineering materials capable of operation at high temperatures [1] .
The realization of these expectations requires the intense development of the methods used for the formation of surface coatings. There are significant facts supporting the usefulness of directing further research toward the improvement of the existing properties of oxide coatings, thereby revealing the possibilities of applying them in the machine-building industry. The list of engineering materials presented in [2] shows that these are ceramic materials and composites [2, 4] , which will be predominant in the automotive industry in the future.
A characteristic feature of ceramic materials is their insignificant wear and low friction coefficient when working together with the other materials in the presence of lubricants. The most recent world trends in the machine-building sector, in particular, with reference to piston machines, are headed toward the reduction of their lubrication and cooling. Hence, we encounter the problem of formation of the upper layer of a ceramic material guaranteeing its low wear and friction resistance.
The possibility of covering aluminum and its alloys with oxide coatings results in the extensive application of these materials, especially as: anticorrosion protection, protective and decorative coatings, undercoatings; components of couplings, transmissions, guides and slideways; components in automatics and hydraulic controllers; races of rolling bearings in steel-Al 2 O 3 couples; engine pistons and the sliding surfaces of compressor cylinders.
In order to strengthen the surface layer of aluminum alloys for cooperation sliding under high pressures (e.g., in lubricant-free compressors) we use hard anodizing.
The objective of the presented study is to determine the principal physicomechanical and tribological characteristics of newly developed oxide coatings in interaction with the TGK-20/5 material and to determine the usefulness of this couple for subsequent operational tests preceding their potential implementation in lubricantfree compressors and pneumatic servomotors.
Experimental Details
Adding organic substances with surface-active properties to electrolytes has a significant influence on the mechanism of formation of oxide coatings on aluminum. The mechanism of influence of the organic substances depends on the additive properties, as well as on the composition and properties of the electrolyte. An assumption can be made that, under proper conditions, the surface-active organic substances fully or partly cover the surface of the anode (in the active sites) as a result of which the oxidation of aluminum is considerably impaired. On the other hand, the adsorption of organic substances on the anode/electrolyte interface leads to holding of the secondary dissolution of the coating by the electrolyte. The role of this mechanism is revealed by the addition of the above-mentioned organic acids.
The developed method does not require cooling and the process heat is used for controlling the properties of the obtained oxide coatings. The control of the anodizing parameters allows, within certain limits, to program the selected functional properties of the future surface coatings [5] [6] [7] [8] [9] [10] . The above-mentioned method is based on the oxidation aluminum and its alloys in three-component electrolytes. An organic acid is added to a mixture of electrolytes formed by sulfuric and oxalic acids.
In the first stage of the tests carried out as a part of the study, we prepared the appropriate electrolytes and samples. The electrolytes in which anodic oxidation was conducted at elevated temperatures were based on sulfuric and oxalic acids. The following organic acids were chosen for the mixtures of the above-mentioned components:
-electrolyte 1 -benzoic acid; -electrolyte 2 -sebacic acid; -electrolyte 3 -succinic acid; -electrolyte 4 -glutaric acid; -electrolyte 5 -cuberic acid.
Primary aluminum, A1(Al 99.5), was used for the tests. The specimens were cut out from a 1-mm-thick sheet metal.
In order to obtain the oxide coating of appropriate quality, and to avoid any irregularities in its structure, the surfaces of the specimens had to be correctly prepared before the oxidation process. For this purpose they were subjected to mechanical surface treatment, which allowed the elimination of different scratches and irregularities, and standardizing the surface of the prepared specimens. The test chart is presented in Table 1 . The specimens with the highest and the lowest porosity were selected for the tribological tests. The sliding interaction between the produced oxide coating and counterspecimens proceeded in the conditions of technically dry friction; the unit pressure amounted to 0.1 MPa, the average sliding speed was 1 m/sec, and the area of the specimen contact with the counterspecimen was 1 cm 2 .
The counterspecimens in the tribological tests were cylinders made of TGK 20/5 material (PTFE containing 20% graphite and 5% coke) with a cross-sectional area equal to 1 cm 2 .
The investigation of the tribological properties of the obtained oxide coatings was performed on the SDN measuring stand constructed at the Department of Materials Science, University of Silesia (Fig. 1) .
The value of wear was determined by weighing the counterspecimens before and after the sliding interaction. The counterspecimens were weighed after each stage of the interaction (every 96 km), using an analytical balance, WA 35, type TA 14, with a range of 100 g and accuracy of 0.01 mg. The friction coefficient value was calculated from Amonton's formula.
Results and Discussion
Results of examination of the nanomorphology and nanostructure of the obtained oxide coatings are presented in Fig. 2 . The examination was conducted using a Philips X130 scanning electron microscope.
A model of the structure of the oxide coating produced by hard anodizing in three-component electrolytes is presented in Fig. 3 [5] . By using the results of the performed tests, we prepared the characteristics for the oxide coatings in each electrolyte describing their thickness, porosity, and microhardness. Figure 4 shows the correlations between the thickness of the obtained oxide coatings and current density in the particular electrolytes. Results of porosity measurements of the oxide coatings formed in the particular electrolytes are presented in Fig. 5 . A comparative juxtaposition of microhardness measurements of the oxide coatings is shown in Fig. 6 .
The changes in the value of the friction coefficient for the oxide coatings in cooperation with the applied material are presented in Fig. 7 .
In Fig. 8 we show the values of wear intensity for specimens of the TGK 20/5 material both for the wearingin period (the friction distance is equal to 96 km) and in the course of normal operation.
There are two typical stages distinguished in the period of friction and wear of friction couples: wearing-in and regular operation.
On the basis of the obtained results, it can be concluded that the friction coefficient of the oxide coating operating in a couple with the TGK 20/5 material is significantly affected by the parameters of the process of oxidation (current density, temperature of electrolyte, and the duration of oxidation). The measurements of wear intensity for specimens made of the above-mentioned material under the conditions of sliding interaction with oxide coatings revealed an 8-fold increase in wear during the wearing-in period and a 7-fold increase in wear in the stage of operation in the case of oxide coatings with the highest porosity.
CONCLUSIONS
By using the results of the presented investigations, it is possible to obtain oxide coatings with prescribed properties by appropriately controlling the parameters of their production. The microhardness and volumetric porosity of the oxide coatings obtained in three-component electrolytes make these coatings preferable for sliding couples. The addition of organic acids to the electrolytes enables us to eliminate the cooling process, which significantly decreases the costs of production of the oxide coatings. The data of tribological tests confirm that, as compared with the other sliding couples operating under the conditions of technically dry friction, the investigated coatings and, in particular, the coatings obtained with appropriate oxidation parameters, exhibit good tribological properties. In view of the wear of the TGK-20/5 material, the tested couple can be applied in lubricant-free compressors or pneumatic servomotors. The surfaces of cylinder bearings (in servomotors) are strengthened by an oxide coating formed in a three-component electrolyte, whereas the piston rings can be made from the TGK-20/5 material.
